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1. Introduction 
Hog kidney D-amino acid oxidase [EC I .4.3.3] 
contains a single FAD per 35 000-40 000 MW 
monomer [l-4], and undergoes self-association 
[S-12]. Many ligands, such as competitive inhibitor, 
product, and substrate, influence the association 
process of the oxidase f 11 ,13-161. The holoenzyme 
has a higher apparent MW than the apoenzyme at a 
given enzyme concentration [6,9-l 11. Recently, 
Yagi et al, [ 17,181 analyzed the binding property of 
FAD in D-amino acid oxidase according to monomer- 
dimer equilibrium and demonstrated that the affinity 
of the dimer for the coenzyme FAD is about 70 times 
higher than that of the mono~~er. These thermo- 
dynamic studies indicate that the coenzyme induces 
association of the subunits in the equilibrium state of 
the oxidase. However, there is no direct evidence yet 
available concerning the reaction mechanism of FAD- 
induced subunit association. In this communication, 
we demonstrate the subunit association subsequent o 
FAD binding to the apoenzyme and explore the rate- 
limiting step of this reaction by the kinetic light 
scattering method. 
2. Materials and methods 
Hog kidney D-amino acid oxidase 14,151 and its 
apoenzyme [ 191 were purified as described previ- 
ously. The concentration of the apoenzyme was 
determined by either the method of Lowry et al. 
[20] or the A i?&, value of 22.5 for the apoenzyme at 
280 nm 131. Commercial FAD (Sigma) was purified 
chromatographically 121,221. 
4 
Laser light scattering measurements were per- 
formed with a Union light scattering photometer 
LS-601. Light source was 5 mW He/Ne laser, 632.8 nm 
wavelength. A cylind~c~ cell of 8 mm in diameter 
was used. All solutions were dialyzed overnight 
against 0.1 M sodium pyrophosphate buffer, pH 8.3, 
to maintain the same chemical potential of each dif- 
fusible component in the solution and the solvent 
[23,24]. Dialyzed solutions and solvents were clari- 
fied by the membrane filters of 0.2 or 0.45 pm pore 
size (Sarto~us-Membranf~ter GmbH). Each reaction 
was initiated by mixing FAD dissolved in the dialyzate 
with the apoenzyme solution, and then the mixture 
was directly filtrated into the cell, The calibrations of 
the inst~I~ent were performed by distilled benzene. 
As the molecular dimensions of the oxidase are less 
than 5% of the wavelength of the incident light, all 
measurements were performed at 90’ of the direction 
of the incident light [25]. 
OpticaI absorption measurements were made using 
a Cary 219 spectrophotometer and fluorescence was 
measured with a Hitachi MPF4 spectrofluorometer. 
We adopted half-time as a measure of the reaction 
rate, In light scattering and optical absorption, it was 
defined as the time giving half of the maximum signal 
change. In fluorescence, it was evaluated from the 
slope of slower phase in the first-order plot. 
3. Results and discussion 
As shown in fig.1, the addition of FAD to the 
apoenzyme caused a time-dependent increase in 
scattering intensity and after about 15 min the inten- 
sity reached the final constant value. Since the pro- 
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Fig.1. Change of iight scattering from Damino acid oxidase 
solution induced by FAD at pH 8.3,2O”C. The enzyme con- 
centration was 0.25 mg/ml with 40 PM FAD (A) and without 
FAD (B). The ordinate is excess scattering intensity (AI,,&) 
over the solvent, where I,, denotes photon counts per 5 set 
of the scattered light measured at right angle and I, the 
digitized photocell output monitored to eliminate the fluc- 
tuation of the laser light. 
tein concentration used (0.25 mglml) was low enough 
to neglect he contribution of the second virial coef- 
ficient to the change in the scattering intensity [26], 
this finding indicates that the increase in the apparent 
weight-average MW by the addition of FAD was attri- 
buted to the subunit association of the oxidase. In 
contrast, the scattered intensity from the apoenzyme 
solution at the same concentration without FAD did 
not change within the same time scale (fig.l), indi- 
cating that no aggregation occurs. 
Changes in the scattering intensity after mixing the 
apoenzyme with FAD were too slow if they had 
proceeded in a diffusion-controlled manner [27]. 
Indeed, the relaxation rate (<l set) for the subunit 
dissociation of the holoenzyme [8] is too rapid to 
consider the binding steps of subunits as the rate- 
determining steps of this association reaction. The 
half-life of this reaction was practically constant in 
the protein concentration from 0.1 to 3.8 mgfml with 
excess FAD. It can, therefore, be deduced that the 
Table 1 
Comparison of half-times for light scattering with those for 
spectroscopic methods 
Methods Half-time (mm) 
20°C 10°C 5S°C 
Light scattering 3.3 7.1 14.0 
Absorbancechangeat 
493 nm 3.3 (2.1a) 6.9a 13.2” 
Fluorescence quenching 
of the protein 3.8 
a These vahres were calculated from the data of [ 191 
association process involves the un~olecular isomeri- 
zation steps(s). Massey and Curti [ 191 proposed a 
two-step mechanism for the binding of FAD to the 
apoenzyme in which the rapid binding of FAD pre- 
cedes the slower confo~ation~ change of the pro- 
tein, 
A+F+H*+H 
where A, F, II*, and H represent the apoenzyme, 
FAD , the holoenzyme in the transient state, and the 
holoenzyme, respectively. The slower step can be 
monitored by the increase in absorbance at493 nm 
or by quenching of flavin or protein fluorescence in
the slower phase [191. As shown in table 1, the time- 
course of the increase in scattering intensity agrees 
well at each temperature with those of the changes 
detected by the above-mentioned spectroscopic 
observations. These results indicate that the rate- 
limiting step in the process of the subunit association 
triggered by FAD binding is that of the conforma- 
tional change of the protein. 
The extrapolated value of scattering intensity of 
the apoenzyme with FAD to zero time was nearly 
identical to that of the apoenzyme solution without 
FAD (fig.1). This observation can be interpreted ther- 
modynamically as follows. Suppose that both steps 
of FAD binding to the apoenzyme (e.g., A t F * H”) 
and association of subunits (e.g., 2H” + Hz) before 
the conformational changes in the protein are in rapid 
equilibrium. The rapid association processes of H” 
subunit species (e.g., 2H” =+ Hz) scarcely contribute 
to the increase in the observed intensity of scattered 
light during the dead time, viz., the time interval 
between mixing and measurement. Hence, the intrin- 
sic binding constants of FAD in the reactions, 
AtF=+H*,AstF*AH*,AH*tF*H~,etc.do 
5 
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not differ largely from each other. Consequently, 
in a protein concentration range where the apoen- 
zyme exists almost exclusively as its monomer [8], 
this reaction proceeds mainly along the pathway, 
A=+H* +H=Hz * polymers. 
Compared with the rate of subunit association of 
0.52 mg/ml apoenzyme plus 0.08 mM FAD system, 
the inclusion of 0.48 mM benzoate, a competitive 
inhibitor, accelerated the rate about twice (t,,, = 
1.7 min at 2O’C). This phenomenon was also observed 
in the absorbance change at 493 nm (tllz = 1 .l min at 
2O’C). As benzoate binds weakly, if at all, with the 
apoenzyme [28], these results suggest hat benzoate 
binds with the conformer (H*) of the holoenzyme 
and accelerates the rate of the conformational change 
of the protein. 
Acknowledgements 
The authors wish to thank Drs Yoshihiro Miyake 
and Retsu Miura for helpful discussions and critical 
readings of the manuscript. This work was supported 
in part by Science Research Grant from the Ministry 
of Education, Science and Culture of Japan. 
References 
[l] Henn, S. W. and Ackers, G. K. (1969) J. Biol. Chem. 
244,465-410. 
[2] Weber, K. and Osborn, M. (1969) J. Biol. Chem. 244, 
4406-4412. 
[ 31 Tu, S.C., Edelstein, S. J. and McCormick, D. B. (1973) 
Arch. Biochem. Biophys. 159,889-896. 
[ 41 Curti, B., Ronchi, S., Branzoli, U., Ferri, G. and Williams, 
C. H. jr (1973) Biochim. Biophys. Acta 327,266-273. 
[5] Charlwood, P. A., Palmer, G. and Bennett, R. (1961) 
Biochim. Biophys. Acta 50,17-22. 
I61 
171 
[81 
[91 
IlO1 
[Ill 
I121 
[I31 
1141 
[W 
1161 
1171 
I181 
[I91 
I201 
PII 
1221 
v31 
1241 
[251 
[261 
[271 
1281 
Antonini, E., Brunori, M., Bruzzesi, M. R., Chiancone, 
E. and Massey, V. (1966) J. Biol. Chem. 241, 
2358-2366. 
Henn, S. W. and Ackers, G. K. (1969) Biochemistry 8, 
3829-3838. 
Shiga, K. and Shiga, T. (1972) Biochim. Biophys. Acta 
263,294-303. 
Yagi, K., Naoi, M., Harada, M., Okamura, K., Hidaka, 
H., Ozawa, T. and Kotaki, A. (1967) J. Biochem. 
(Tokyo) 61,580-597. 
Fonda, M. L. and Anderson, B. M. (1968) J. Biol. 
Chem, 243,5635-5643. 
Miyake,Y., Abe, T. and Yamano, T. (1971) J. Biochem. 
(Tokyo) 70,719-722. 
Huet,M. (1973) Biochim. Biophys.Acta 322,234-244. 
Shiga, K., Isomoto, A., Horiike, K. and Yamano, T. 
(1973) J. Biochem. (Tokyo) 74,481-488. 
Horiike, K., Shiga, K., Isomoto, A. and Yamano, T. 
(1974) J. Biochem. (Tokyo) 75,925-929. 
Horiike, K., Shiga, K., Isomoto, A. and Yamano, T. 
(1976) J. Biochem. (Tokyo) 80,1073-1083. 
Horiike, K., Shiga, K., Nishina, Y., Isomoto, A. and 
Yamano, T. (1977) J. Biochem. (Tokyo) 82, 
1247-1255. 
Yagi, K., Tanaka, F. and Ohishi, N. (1975) J. Biochem. 
(Tokyo) 77,463-468. 
Tanaka, F. and Yagi, K. (1979) Biochemistry 18, 
1531-1536. 
Massey, V. and Curti, B. (1966) J. Biol. Chem. 241, 
3417-3423. 
Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and 
Randall, R. J. (1951) J. Biol. Chem, 193,265-275. 
Rao, N. A., Felton, S. P., Huennekens, F. M. and 
Mackler, B. (1963) J. Biol. Chem. 238,449-455. 
Fazekas, A. G. and Sandor, T. (1971) Can. J. Biochem. 
49,987-989. 
Ooi, T. (1958) J. Polymer Sci. 28,459-462. 
Casassa, E. F. and Eisenberg, H. (1964) Adv. Protein 
Chem. 19,287-395. 
Tanford, C. (1961) Physical Chemistry of Macromole- 
cules, pp. 275-316, Wiley, New York. 
Fujita, H. (1975) Foundations of Ultracentrifugal Anal- 
ysis, pp. 406-407, Wiley, New York. 
Hammes, G. G. and Schimmel, P. R. (1970) in: The 
Enzymes (Boyer, P. D. ed) vol. 2, pp. 67-l 14, Academic 
Press, New York. 
Massey, V. and Ganther, H. (1965) Biochemistry 4, 
1161-1173. 
